This article has been accepted for publication in IEEE Transactions on Instrumentation and Measurement. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TIM.2024.3458051

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT

Incremental Learning Method for Wind Turbine Fault
Detection Models Considering False Negatives

Ziqi Wang, Xiaohang Jin, Senior Member, IEEE, and Zhengguo Xu, Member, IEEE

Abstract—Fault  detection (FD) algorithms based on
supervisory control and data acquisition (SCADA) data have
been widely used in the operation and maintenance of wind
turbines (WT). However, the performance of FD models will
degrade due to the time-varying operating conditions (TVOC).
Incremental learning (IL) methods can be employed to update
the models online to adapt to TVOC, but the error accumulation
caused by false negatives will lead to a continuous decrease in the
fault detection rate (FDR). A novel IL method considering false
negatives is proposed to improve the performance of WT FD
models. Firstly, a data buffer is built to cache some new normal
data used in model updating. Secondly, a processing strategy for
false negatives is proposed to block some high-risk data from
being added to the buffer, thereby weakening the error
accumulation. Thirdly, when the buffer is full, update the FD
model using the data in it. A real-world SCADA dataset with
gearbox faults and four different FD algorithms with various
model updating strategies are used in the experiments. The
results demonstrate that the proposed method can lower the false
alarm rate (FAR) of all four FD algorithms. After processing
false negatives, for example, for the FD model based on Gaussian
kernel regression, its FDR increased by about 11%, and for the
FD model based on multivariate state estimation technique, its
FDR increased by about 14%. The results of hyperparameter
experiments and early stopping experiments show that the
proposed method has good potential for practical applications.

Index Terms—Wind turbine (WT), Fault detection (FD),
Incremental learning (IL), Supervisory control and data
acquisition (SCADA), Error accumulation.

I. INTRODUCTION

he demand for new technologies in the operation and
maintenance (O&M) of wind turbines (WT) has grown
in recent years. It is crucial to monitor the conditions
of WT by analyzing the operational data to detect incipient
faults and reduce O&M costs [1]. Methods based on
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supervisory control and data acquisition (SCADA) data have
received a lot of attention for condition monitoring of WT [2-
4]. However, there is an imbalance problem with SCADA data
[5], meaning that there is much less fault data than normal
data. The reasons for this include WT not being allowed to
operate for a long time under fault conditions [6], inefficient
manual labeling, etc. Therefore, fault detection (FD)
algorithms based on normal behavior modeling [7, 8] have
been widely used. These FD models are trained using only
normal data and can detect faults by analyzing the differences
between current and normal conditions.

Due to external factors such as changes in weather and
season, as well as internal factors such as system settings
adjustments and equipment retrofits, WT is often under time-
varying operating conditions (TVOC) [1]. For example, the
normal temperature of the generator bearing is higher in
summer than in winter. And when the settings of the cooling
system are adjusted, the normal range of the gearbox oil
temperature will change. The accuracy of FD models will
degrade under TVOC because training and test data are non-
identically distributed, which originates from the complex,
open, and dynamic operating environment of WT. Therefore,
the training data of FD models should cover all possible
normal conditions, which is difficult in practical practice,
especially for new wind farms [9].

In addition to general strategies like regularly retraining the
models, existing research has proposed some methods to
improve the performance of WT FD models under TVOC.
The dynamic threshold methods are used to enable the models
to tolerate the parameter fluctuations caused by TVOC [10,
11], thereby reducing the false alarm rate (FAR). The transfer
learning methods are used to make the data from other
turbines applicable for training the FD model of the target WT
[12, 13]. The covariate adjustment methods are used to
decouple some temperature parameters from environmental
factors [14, 15], which can improve the stationarity of these
parameters under TVOC. However, the above methods may
not be able to adapt to new types of TVOC in the data stream,
resulting in the degradation of FD model performance during
long-term operation.

Incremental learning (IL) refers to a learning paradigm that
allows models to continuously learn new knowledge from new
data while retaining the learned knowledge [16]. Using IL
methods, FD models can continuously learn new knowledge
online from the data stream, thereby adapting shortly to
TVOC and maintaining good performance. In [17], a novel
incremental support vector data description method was
proposed for damage detection of blades based on acoustic
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signals, and the model can be adaptively updated to improve
accuracy. In [18], a framework based on deep learning and IL
was proposed for fault identification of drive bearings using
vibration signals, and it enables adaptive creation and
modification of fault patterns. In [19], an FD method based on
non-parametric regression and IL was proposed for the
gearboxes using SCADA data, and the FAR is lower than the
traditional models during long-term operation. IL methods for
data streams include two specific strategies: (1) how to select
specific data from the data stream for model updating, and (2)
how to adjust parameters in the model. Existing research
mainly focuses on the latter strategies, including the elastic
weight consolidation strategy [20], dynamic structure strategy
[21], replay strategy [22], etc. It should be noted that these
strategies are only applicable to specific learning algorithms.
In this paper, we focus on the strategies that select specific
data to be used in model updating, which can be applicable to
different FD algorithms and model updating strategies.

Besides the catastrophic forgetting problem where the
learned knowledge is abruptly forgotten as new information is
learned [23], models with IL also face the error accumulation
problem. This mean that errors will propagate from previous
data to later ones through model updating, causing more errors
[24]. For the FD models based on normal behavior modeling,
only normal data is used in online updating, just like in offline
training. The error accumulation of these FD models is caused
by false negatives, which are defined as fault samples being
misclassified as normal and also known as missing alarms.
This lead to more false negatives and a continuous decrease in
the fault detection rate (FDR) during long-term operation. It is
common for certain parameters of WT to undergo short-term
fluctuations due to TVOC and noises [25], which can result in
significant false negatives and substantial error accumulation.
To address this issue, an adaptive condition monitoring
method for WT, based on non-parametric regression and
continual learning, was proposed in [26]. In this method, a
punishment mechanism is proposed for fault data and their
adjacent data to improve the FDR. However, the punishment
mechanism lacks flexibility, limiting its suitability only to
high-frequency updating.

In this paper, a novel IL method for WT FD models is
proposed considering the false negatives, and the proposed
method is compatible with various FD algorithms. In the
proposed IL method, normal data detected by the FD model in
the data stream are cached in a data buffer. When the buffer is
full, the FD model is updated using the data in it. To address
the error accumulation, high-risk data that are adjacent to the
detected fault data are identified as false negatives and
prevented from being used in model updating. Specifically,
when the FD model detects a fault data, part of the data
previously cached in the buffer is deleted, and part of the
subsequent data is blocked from being added to the buffer. A
real-world WT SCADA dataset with gearbox faults is used to
verify the proposed IL method through various experiments,

and the performance of the proposed method is discussed in
four different FD algorithms.

The contributions of this paper are as follows:

1) A data buffer is built to cache some new data used in
model updating. Normal data detected by the FD model in the
data stream will be cached in a buffer, and the data in it will be
used for the model updating when the buffer is full. The
proposed method can be applied to different FD algorithms
and is suitable for practical applications.

2) A processing strategy for false negatives is proposed to
alleviate the error accumulation in FD models with IL.
Considering the strong temporal correlation in the data stream,
some high-risk data that are adjacent to fault data are
identified as false negatives and they are blocked from model
updating. The proposed strategy can improve the FDR of FD
models during online updating.

The rest of the paper is organized as follows: Section II
presents the framework of FD models with IL. Section III
analyzes the error accumulation caused by false negatives and
presents the proposed IL method in detail. Section IV presents
the SCADA dataset and the processing of the dataset. Abound
experiments and related analyses are listed in Section V.
Section VI discusses the conclusions.

II. FRAMEWORK OF WIND TURBINE FAULT DETECTION WITH
INCREMENTAL LEARNING

Due to the data imbalance problem, many FD algorithms
using SCADA data are based on the framework of normal
behavior modeling to train models and detect faults. And
considering improving accuracy through model updating, IL
methods can be used. The framework of WT FD models with
IL based on normal behavior modeling is given in Fig. 1. This
framework consists of the following three parts.

1) Offline modeling. Firstly, historical SCADA data
collected under normal conditions is pre-processed, and two
types of data should be processed. One type is data collected
during shutdown, power limitation, and other similar
conditions because the WT cannot output electricity normally
during these times. Another type is data that contains gross
errors, null values, or null timestamps caused by noise,
transmission errors, etc. After pre-processing, the majority of
the remaining historical data is normal data. Secondly, the
normal data constitutes a training set, and the FD model is
trained based on this training set and used in Online detection.

2) Online detection. Firstly, the SCADA data stream is pre-
processed using the same rules as Offline modeling to prevent
interference. For example, data collected under power
limitation conditions may be misjudged as potential faults.
Secondly, the processed real-time data is input into the FD
model and the FD index is calculated. Thirdly, the FD result is
obtained based on the FD index and the FD threshold.
Generally, data above the threshold is classified as fault data,
while data below the threshold is classified as normal data.
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Fig. 1. Framework of WT FD models with IL.

3) Incremental Learning. Firstly, the normal real-time data
that falls below the threshold constitutes an incremental
training set. Secondly, based on the designed IL method, the
FD model is updated or retrained online using the incremental
training set, which can adapt to TVOC during long-term
operation. Thirdly, the new FD model replaces the previous
model and is used in Online detection.

ITI. PROPOSED INCREMENTAL LEARNING METHOD
CONSIDERING FALSE NEGATIVES

A. Error accumulation caused by false negatives

The original definition of error accumulation is the errors
generated in each integration operation in numerical solution
or in each component of a system are continuously
accumulated and propagated, resulting in the total error that
exceeds the acceptable limit [27]. Error accumulation
commonly exists in various tasks, including numerical
simulation [27], image processing [28], inertia navigation [29],
etc. In different tasks, the forms of error accumulation are
usually different. For the FD models with IL, the error
accumulation is caused by false negatives, which are defined
as fault samples that are misclassified as normal. The
mechanism of the error accumulation is shown in Fig. 2.

As shown in Fig. 2, firstly, the FD model will inevitably
output some false negatives during online detection. Secondly,
false negatives will be added to the incremental training set if
they are not processed. There will be more fault data in the
incremental training set that should only consist of normal
data, and it is equivalent to more label noise [30]. Thirdly, the
low-quality incremental training set will be used to update the
FD model and its accuracy will be negatively affected.
Specifically, considering the correlation between different
fault data, the FD model will misclassify more fault data after
updating, thereby reducing the FDR and outputting more false
negatives. Thus, a positive feedback mechanism driven by
false negatives is built, which leads to error accumulation. The
above error accumulation problem can seriously weaken the
performance improvement brought about by IL and it is
necessary to alleviate its negative effects.
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model '\
Fault data is misclassified Fault detection rate decreases
as normal after updating
Positive feedback
+
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False negatives > L
training set
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Fig. 2. Error accumulation caused by false negatives.
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Fig. 3. Schematic diagram of proposed processing strategy for
false negatives.

These false negatives in Fig. 2 are related to the strong
temporal correlation in the SCADA data stream and the
threshold-based hard classification strategy. Because of the
strong temporal correlation, some data adjacent to the fault
data have a high risk of being fault data. Because of the hard
classification strategy, if the FD indexes of some data adjacent
to the fault data are slightly below the FD threshold, these
high-risk data will be classified as normal data and are likely
to become false negatives.
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Based on the above analysis, a processing strategy for false
negatives is proposed as shown in Fig. 3. Firstly, the normal
data in the data stream is continuously added to the
incremental training set until the real-time data is classified as
fault data, that is, its FD index is above the threshold.
Secondly, a specific amount of data adjacent to the fault data
is identified as false negatives, including previously collected
data and subsequent data to be collected. These false negatives
and the fault data are blocked from being used in model
updating, which can reduce the errors in the incremental
training set and improve the FDR of the FD model.

B. Proposed incremental learning method

For WT FD models, a novel IL method is proposed to
adaptively update the models online. The two key points of the
proposed method are a data buffer that caches some new
normal data used in model updating, and a processing strategy
for false negatives that blocks false negatives from being used
in model updating, respectively. The detailed process of the
proposed IL method is shown in Fig. 4.
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Fig. 4. Proposed IL method for WT FD models.

As shown in Fig. 4, in each computing cycle, the FD model
outputs the FD index of the real-time data, and the data is
classified as normal data or fault data based on the FD
threshold. Then, the proposed IL method will start. Firstly, if
the real-time data is fault data, it will not be added to the
buffer and the processing strategy will start to delete false
negatives in the buffer and block some subsequent false
negatives. If the real-time data is normal, it will be added to
the buffer when it is not blocked. Secondly, if the data buffer
is full, the data in it will be used to update the FD model, and
the buffer will be emptied after updating. If the buffer is not
full, the FD model will not be updated.

One of the hyperparameters in the proposed method is the
capacity of the data buffer, which determines the shortest

period for model updating. A lower capacity means a higher
update frequency, and this has the advantage of higher
accuracy because the model can adapt to TVOC faster.
However, a higher update frequency also means higher
computational costs, and the model may face more serious
error accumulation. Another hyperparameter in the proposed
method is the identification scope of false negatives. The
larger the scope, the more data will be identified as false
negatives, resulting in stronger suppression of error
accumulation, but it will also increase information loss.

The proposed IL method has concise procedures and is
compatible with different FD algorithms, which has good
potential for practical applications.

C. Algorithm of processing strategy for false negatives

The pseudocode of the proposed processing strategy for
false negatives is shown in Algorithm. 1. One of the keys to
the algorithm is to define the data structure of the buffer as a
stack, that is, inserting and deleting data only at the end of the
buffer. So data that are not adjacent to fault data will not be
identified as false negatives. Another key is to use a pointer p
to control the modification of the buffer and the flexibility of
the strategy is improved.

Algorithm. 1. Proposed processing strategy for false negatives

Initialization: Data buffer (stack)
modifying buffer
algorithm for the first time, initialization is required when

={ }; Pointer for

()=0. (In addition to running the

“Empty data buffer” is executed as shown in Fig. 4.)

Input: Real-time data (); Fault flag of () (); Data
buffer
negatives
Output: Data buffer after modifying

={ }_1; Pointer ( ); Identification scope of false

; Pointer ( +1).

{If ()istrue. //Real-time data is fault data.

If ()= //Delete false negatives previously stored.
Delete samplesin  from  to _ 4.
End

If ()>0and ()<
from to

Delete samples in - ()+1-
End
( +1)=— . //Block subsequent false negatives.
Else //Real-time data is normal.
If ()=0 //Subsequent data are not blocked.
Add ()to as 1.
End
( +1)= ()+1. //Subsequent data are blocked.
End }
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In [26], a punishment mechanism is proposed for fault data
and their adjacent data. However, in this mechanism, all of the
data in the buffer will be deleted when the real-time data is
fault data, instead of utilizing the stack and pointer in the
proposed strategy. Therefore, the mechanism in [26] is not
suitable for FD models with low update frequencies, as it is
challenging for a large buffer to become full under TVOC. In
comparison to the previous method, the proposed strategy can
be applied to data buffers of various sizes and update
frequencies.

IV. SCADA DATASET AND PROCESSING

A. Data description and parameter selection

The SCADA dataset used in this paper is from an onshore
WT and it records overheating faults of the gearbox. The
information about the SCADA dataset and the gearbox faults
is shown in Tab. I.

TABLE 1

INFORMATION OF SCADA DATASET USED IN EXPERIMENTS

Type Onshore WT Rated power 1.5 MW
. Hebei province, .
Location . Rated wind speed 11.5m/s
China
Generator . Dgubly fed Cut-in wind speed 3m/s
induction generator
Sampling period 1 min Cut-off wind speed 25 m/s
of data

Time range of dataset 02-21 to 11-17, in the year 2017

Gearbox oil temp exceeded the

Fault records about the gearbox fault upper limit (starts at 11-17)

Fault start time estimated by

professional 10-28
TABLE II
OPERATIONAL PARAMETERS USED IN FD EXPERIMENTS

No. Name of parameter Unit
P1 Main shaft speed r/min
P2 Nacelle temp °C
P3 Gearbox oil inlet pressure bar
P4 Gearbox oil filter-front pressure bar
PS5 Gearbox drive bearing temp °C
P6 Gearbox no-drive bearing temp °C
P7 Gearbox oil temp °C

As shown in Tab. I, it is worth noting that the auto-recorded
fault start time 11-17 is later than the estimated fault start time
10-28 by professional of the wind farm. This is common in
practice because conservative alarm rules and thresholds are
often used in SCADA systems, resulting in incipient faults
being hardly detected under TVOC [31].

To detect gearbox overheating faults and reduce the
complexity of FD models, seven parameters are selected from
the parameters in SCADA data, as shown in Tab. II. Main

shaft speed (P1) can reflect the load of the gearbox, which is
related to the heat generation of the gearbox. Nacelle temp (P2)
can reflect the external temperature of the gearbox, which is
related to the heat dissipation of the gearbox. P1 and P2 are
two important external factors of the TVOC of the gearbox.
P3~P7 are the only five parameters that are directly acquired
from the gearbox, which reflect the operating conditions of the
gearbox.

B. Data pre-processing

The raw data is pre-processed using the following rules.

1) Delete the data that contains null values or null
timestamps.

2) Delete the data where the active power is less than or
equal to zero, and the data where the wind speed is less than
the cut-in speed or greater than the cut-out speed. This is
because they are collected when the WT cannot output
electricity.

3) The three-sigma criterion is used to detect gross errors
and the detected data will be deleted.

4) The Z-Score method is used to normalize the remaining
data, which can avoid the negative effect of dimensions in
different parameters.

Since approximately 19% of raw SCADA data does not
contain timestamps or measured values, deletion is used in
pre-processing instead of interpolation to ensure accuracy at
the cost of data volume. Taking parameter P1 as an example,
the results before and after pre-processing are shown in Fig. 5.
Except for null values, a significant amount of raw data
contains extremely low values before pre-processing, which
are collected when WT was not generating electricity. After
pre-processing, these outliers are deleted, reducing the
interference to the FD task.

Date

06-15 08-23 11-17

Date

04-19

02-21

(b) After pre-processing (215,142 samples in total)

Fig. 5. Parameter P1 before and after data pre-processing.

All seven parameters after pre-processing are shown in Fig.
6. As shown in the figure, different parameters show various
types of TVOC. For P1, P5 and P6, their long-term trends do
not change significantly. For P2, it shows significant periodic
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TVOC due to seasonal variations. For P3, it gradually
decreases at the beginning and remains stable thereafter, and it
decreases a lot at the final stage, which is highly relevant to
the gearbox fault. For P4, its trend is similar to P3 until 08-09.
From 08-09 to 08-23, it shows a prominent change that the
normal range of the pressure decreases a lot. For P7, it remains
stable until it increases sharply after 10-28, which is consistent
with the fault description shown in Tab. 1. The above various
types of TVOC will lower the accuracy of WT FD models.
Additionally, it is worth noting that a large amount of noise in
the SCADA data is preserved after processing, which is
similar to the practical scenarios of the WT FD models.
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Fig. 6. Seven parameters after data pre-processing.

C. Data segmentation

The data is divided into different datasets after pre-
processing as shown in Tab. III. The training set is used to
offline train the FD models. The test set is divided into the
normal stage and the fault stage, and they are used to evaluate
the FAR and FDR of FD models, respectively. The

segmentation point between the normal stage and the fault
stage is 10-28, which is based on professional opinions as
shown in Tab. L.

TABLE III
PARTITIONING OF DIFFERENT DATASETS

Dataset Time span Number of samples
Training set 02-21 to 03-31 30,434
Test set (normal stage)  04-01 to 10-27 163,608
Test set (fault stage) 10-28 to 11-17 21,100
TABLE IV
DISTRIBUTIONS OF PARAMETERS IN DIFFERENT STAGES
Test set Test set
. . (normal stage) (fault stage)
Variable  Unit Mean Standard Mean Standard
value deviation value deviation
Pl r/min 14.37 2.92 16.99 2.09
P2 °C 24.73 6.68 10.81 7.39
P3 bar 3.03 0.13 2.84 0.13
P4 bar 4.80 0.37 4.66 0.35
P5 °C 67.24 4.17 72.66 422
P6 °C 62.67 3.56 68.11 4.53
P7 °C 58.30 2.00 63.35 3.75

After the data segmentation, the distributions of the seven
parameters in the normal stage and the fault stage are shown in
Tab. IV. As shown in the table, there are significant
differences in the distributions between the normal stage and
fault stage, especially for the three temperature parameters
P5~P7 acquired from the gearbox. Compared to the normal
stage, the mean values of P5~P7 in the fault stage increase by
about 5 °C, which is consistent with the overheating fault. The
differences in the distributions can prove the rationality of the
data segmentation point provided by the professional.

V. EXPERIMENTS AND ANALYSIS

A. FD models used in experiments

Four typical FD algorithms are used to verify the proposed
method, and they are based on different principles as follows.

1) Gaussian kernel regression (GKR) is one of the typical
multiple-input single-output parametric regression algorithms,
which have been used in some FD tasks [32].

2) Multivariate state estimation technique (MSET) is one of
the typical multiple-input multiple-output non-parametric
regression algorithms, and MSET has been used in many FD
tasks such as air compressors [33], WT [34], industrial fans
[35], and aircraft [36].

3) FD tasks can be considered as a one-class classification
problem, and one-class support vector machine (OCSVM) is
one of the typical one-class classification algorithms [37].

4) Multivariate statistics process monitoring algorithms are
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widely used in FD tasks and principal component analysis
(PCA) is one of the typical algorithms [38].

(1) Gaussian kernel regression (GKR)

The function @fitrkernel in MATLAB is used to train the
GKR model. The independent variables of the GKR model are
P1~P6, and the dependent variable is P7. On the test set, the
function @predict is used to calculate the predicted values of
the dependent variable.

Residuals between the measured values and predicted
values of the dependent variable P7 are used as the FD index
of GKR and are defined as follows.

O=0-0 (M

where is the residual, is the measured value of the
dependent variable and  is the predicted value. When the
absolute value of residual | | is greater than the designed
threshold, the data is classified as fault data.

GKR's model updating strategy is incremental updating.
Specifically, the function @incrementalLearner is used to
convert the GKR model to an incremental learner defined in
MATLAB and @updateMetricsAndFit is used to update the

parameters in the model based on the incremental training data.

The hyperparameters of GKR models are set to the default
settings of the related functions in MATLAB.

(2) Multivariate state estimation technique (MSET)

The essential part of MSET is the memory matrix , which
is defined as follows.
1D 1 1C )
Sl . 1] @ @ e OO
o @ ()
where  is column vector constructed of training data, s

the number of training data, is number of parameters and all
seven parameters are used. The redundant data in will
weaken the computation speed and accuracy of MSET. In this
paper, a processing method for the redundant data in MSET
proposed in [19] is used.

The observed vector s and the estimated vector
the input and output of MSET, respectively.
time data and o4 is the estimated result of oy .
estimated vector g is calculated as follows.

( T )_1 T obs (3)

where  is a nonlinear operator and Euclidean metric is used
in this paper.

According to the similarity principle, if ops is normal,
there will be high similarities between o5 and some vectors
in , which leads to the small difference between s and

est- By contrast, the difference will be larger if s is fault
data. The square prediction error (SPE) between ops and g
is used as the FD index of MSET and is defined as follows.

2
SPE( ) = =1 [ est( ) - obs( )] (4)

est are
obs 18 the real-
The

est —

where o and . are the elements in vector o and gps,
respectively. When SPE is greater than the designed threshold,
the data is classified as fault data.

MSET's model updating strategy is incremental updating.
Specifically, the incremental data is added into , and the
sample selection method is used to delete the redundant data.
The hyperparameter in MSET models is the threshold of the

redundant data and it takes 0.3 in this paper.
(3) One-class support vector machine (OCSVM)

The function @fitcsvm in MATLAB is used to train the
OCSVM model and all seven parameters are used. On the test
set, the function @predict is used to calculate the score of
OCSVM. If score = 0, the data is classified as the positive
class (normal), and if score < O, it is classified as the negative
class (fault). The value of score indicates the confidence level
of the classification result. In this paper, the FD index scoregp
of OCSVM is defined as follows.

0, score()=0
—score( ), score() <0

scoregp( ) = { (5)
where only the negative class is considered in the FD index
and greater scoregp( ) means higher probability of being fault
data. When scoregp is greater than the designed threshold, the
data is classified as fault data.

OCSVM's model updating strategy is retraining the entire
model online. Firstly, the entire training set is stored, and the
incremental data is added to the training set when the buffer is
full. Secondly, the new training set and @fitcsvm are used to
train a new OCSVM model. The hyperparameters of OCSVM
models are set to the default settings of the related functions in
MATLAB.

(4) Principal component analysis (PCA)

For the training of PCA model, firstly, the training data is
constructed as the matrix  and the covariance matrix  of
« 1is calculated. Secondly, calculate the eigenvalues  and
eigenvectors  of covariance matrix , and arrange  and
in descending order. Thirdly,  of the first eigenvalues are
used to construct the load matrix =1[ 1, 2, , ]. In this
paper, hyperparameter of PCA = 3.

On the test set, the reconstructed vector . of the input

vector j, is calculated as follows.

re = in T (6)
Like MSET in (4), SPE between i, and | is used as the FD
index of PCA.

PCA's model updating strategy is retraining the entire
model like OCSVM. Specifically, the new training set is used
to calculated a new load matrix

B. Comparative experiments
On the test set, the FD results of different FD algorithms are
shown in Fig. 7 to Fig. 10. The black dashed lines in the

figures are used to distinguish between normal and fault stages.
The red lines represent the FD thresholds. For fault alarms,
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considering the noise in SCADA data, if 30 consecutive FD
indexes exceed the threshold, it will issue a fault alarm.

As shown in Fig. 7 and Fig. 8, for both GKR and MSET,
after using the proposed IL method, the FD indexes become
more stable and there are fewer fault alarms in the normal
stage. When false negatives are not processed, although there
are fewer false alarms, the alarms in the fault stage also
decrease. As shown in Fig. 9, for OCSVM, the amplitude and
sensitivity of the FD indexes are improved after using the IL
method, which leads to fewer false alarms. As shown in Fig.
10, the FD results show little difference between the three
PCA models. As shown in the results of the fault alarms,
MSET and OCSVM models have better robustness to noise, as
they send fewer false alarms. On the other hand, GKR and
PCA models have poorer robustness to noise.

Following indicators are used to quantitatively evaluate the
performance of different FD models. is used to evaluate
the performance in the normal stage and is used to
evaluate the performance in the fault stage. and are
calculated as follows.

= /1 @)
= /2 (®)

where 1 and , are the number of samples in the normal
and fault stage of test set, respectively. As shown in Tab. III,

1 =30434 and , =184,708. is the number of false
positives that normal samples are misclassified as fault
samples, and is the number of true positives that fault
samples are correctly classified as fault samples.
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(a) Conventional model (GKR)
Fig. 7. Fault detection results of different GKR models.

(b) Proposed IL method (GKR)

(c) Do not process false negatives (GKR)
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(a) Conventional model (MSET)
Fig. 8. Fault detection results of different MSET models.

(b) Proposed IL method (MSET)

(c) Do not process false negatives (MSET)
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Fig. 9. Fault detection results of different OCSVM models.
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Fig. 10. Fault detection results of different PCA models.

TABLE V
COMPARATIVE EXPERIMENTAL RESULTS OF DIFFERENT FD MODELS

Calculation time

Algorithm IL method Threshold C N T on test set
None 1.5 — —— 6.66% 43.18% —— 0.6s
GKR Proposed method 0.6 6,000 20 4.16% 43.18% 20 1355
Do not process false negatives 0.6 6,000 —— 3.59% 32.63% 28 14.5s
None 0.19 — —— 148% 4526% —— 45s
MSET Proposed method 0.02 200 30 046% 4526% 844 3058.1s
Do not process false negatives 0.02 200 —— 035% 31.24% 887 34454 s
None 80 — —— 2.04% 41.14% — 55s
OCSVM Proposed method 80 5,000 30 1.20% 48.79% 28 4457.6 s
Do not process false negatives 80 5,000 —— 0.85% 46.18% 34 6462.1 s
None 2.1 — —— 641% 41.61% — 0.5s
PCA Proposed method 2.1 5,000 110  6.20% 43.18% 7 1.0s
Do not process false negatives 2.1 5,000 —— 6.02% 35.11% 33 1.8s
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The evaluation indicators of different FD models are shown
in Tab. V. In the table, C is the capacity of the data buffer and
N is the identification scope of false negatives. T is the
updating times of FD models and is used to evaluate the
updating frequency. For the GKR models, the median of these
indicators in 500 repeated experiments are shown. The
runtime of the experiments is MATLAB 2023b, i7-10700
CPU and 16GB RAM.

As shown in Tab. V, for GKR and MSET, models with IL
have lower than the conventional models when they have
the same . For OCSVM and PCA, the IL method can
improve both the and . If false negatives are not
processed, the of GKR, MSET, OCSVM, and PCA
slightly decrease by 0.57% (4.16%-3.59%), 0.11% (0.46%-
0.35%), 0.35% (1.20%-0.85%), and 0.18% (6.20%-6.02%),
respectively. However, the of the four models decrease a
lot by 10.55% (43.18%-32.63%), 14.02% (45.26%-31.24%),
2.61% (48.79%-46.18%), and 8.07% (43.18%-35.11%),
respectively, which proves that the processing of false
negatives has a significant improvement on . Under the
noise shown in Fig. 6, MSET and OCSVM models show
better robustness, as their is below 2.1%. On the other
hand, GKR and PCA models show poorer robustness, as their

is above 3.5%.

For the computational complexity, when the IL method is
not used, the calculation time of the four models is short
because model updating is not needed. When using the IL
method, the calculation time of GKR and PCA models is still
short, because of the low update frequency and the fast
incremental updating or re-training speed. On the other hand,
the calculation time of MSET and OCSVM models with IL
increases a lot, because the update frequency of MSET is high
and the re-training speed of OCSVM is slow. Besides the
effect on and , processing false negatives can lower
the updating frequency of models to lower the calculation time.

Besides the real-time curves of FD indexes and fault alarms,
daily reports of fault alarms are often used in practical
applications, which record the within one day. For
MSET models, the daily reports of fault alarms in the fault
stage of the test set are shown in Fig. 11. In the figure, there
are no records from 11-13 to 11-15 because less than 10% of
SCADA data remains after data pre-processing.

As shown in Fig. 11, for the MSET model using the IL
method, the at 11-07, 11-10, 11-12 and 11-17 exceed
75%., which means the gearbox fault can be detected at least 5
to 10 days earlier than the recorded fault start time 11-17.
However, when false negatives are not processed,
decreases a lot on all days.

C. FD threshold selection

For the conventional FD models, their FD thresholds are
selected based on the receiver operating characteristic (ROC)
curves, where the horizontal axis is the on the test set and
the vertical axis is the . The ROC curves used are drawn
based on the variations of the and with different FD
thresholds. For example, the ROC curves of MSET and
OCSVM models are shown in Fig. 12.
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L
11-02

1F
0.8
06
&
I ,“.“. ';Opumul region . 7/
0.4 1] FAR 0.014822
FDR 0.452559
Threshold 0.186804
7
021 s
7
e
7
e
oh
0 0.2 0.4 0.6 0.8 1
FAR
(a) ROC curve of MSET model
1l
081
06
4
[a} s P
[T e
¥ Optimal region 7
0.4 o ./: <,
“{7FAR 0.0203963
FDR 0.411374
Threshold 80.0237
0.2r 7
/
4
4
7/
ol
0 0.2 0.4 0.6 0.8 1

FAR
(b) ROC curve of OCSVM model

Fig. 12. ROC curves and FD threshold selections of MSET
model and OCSVM model.

According to the properties of the ROC curve, the better the
model performance, the closer the points on the curve are to
(0,1). Additionally, considering the difficulty in accepting
high FAR in practical applications, the optimal regions shown
in Fig. 12 are determined. The FD thresholds are selected in
the optimal regions, with the threshold of MSET being 0.19
and the threshold of OCSVM being 80, which leads to lower
FAR and acceptable FDR.
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For the FD models with IL, firstly thresholds used in the
conventional models are selected, and the and of
the IL models are calculated. Compared to the conventional
model, if the of the IL model decreases and the
increases, the threshold used in the conventional model still
will be selected for the IL model, like OCSVM and PCA. If
the and of the IL model both decrease compared to
the conventional model, the threshold will be adjusted until
the IL model and the conventional model have the same
to compare the performance on the same baseline, like GKR
and MSET.

D. Hyperparameter experiments

There are two hyperparameters in the proposed IL method:
the capacity of the data buffer C and the identification scope
of false negatives N. The two hyperparameters can affect the
performance of FD models in different ways. Therefore,
hyperparameter experiments and sensitivity analysis are
performed on two different FD algorithms, GKR and MSET.
The experimental results on GKR models are shown in Tab.
VI and Tab. VII.

TABLE VI
EXPERIMENTAL RESULTS OF HYPERPARAMETER C ON GKR
C T
15,000 6.75%  53.03% 7
12,000 4.42% 43.03% 10
8,000 423% 4235% 15
6,000 (baseline)  4.16% 43.18% 20
5,000 420% 42.01% 25
4,000 4.18% 38.07% 31
2,000 427% 2477% 64
TABLE VII
EXPERIMENTAL RESULTS OF HYPERPARAMETER N ON GKR
N T
80 6.48% 51.12% 8
60 5.16% 43.98% 12
40 473% 41.85% 16
30 433% 42.49% 18
20 (baseline) 4.16% 43.18% 20
10 3.61% 41.11% 24
5 3.86% 33.48% 25

As shown in Tab. VI, on the whole, greater C means a
lower update frequency, higher , and higher . And as
shown in Tab. VII, greater N means more data will be
classified as false negatives during updating, which leads to a
lower update frequency, higher , and higher

For the sensitivity analysis of GKR, when C is within the
range of 5,000 to 12,000, is within the range of 4.16% to
4.42% and is within the range of 42.01% to 43.18%,
which are relatively stable. When N is within the range of 10
to 40, is within the range of 3.61% to 4.73% and is
within the range of 41.11% to 43.18%, which are relatively
stable.

The experimental results on MSET models are shown in
Tab. VIII and Tab. IX.

TABLE VIII
EXPERIMENTAL RESULTS OF HYPERPARAMETER C ON MSET
Cc T
5,000 0.77%  48.09% 32
2,000 0.56% 46.45% 83
1,000 0.51% 45.81% 168
400 0.49% 44.15% 422
200 (baseline) 0.46%  4526% 844
100 0.43% 44.12% 1696
50 0.38% 44.67% 3400
TABLE IX
EXPERIMENTAL RESULTS OF HYPERPARAMETER N ON MSET
N T
80 0.60%  47.84% 797
60 0.56%  4579% 811
40 0.48%  4521% 836
30 (baseline)  0.46% 45.26% 844
20 0.48%  44.60% 852
10 0.44%  41.71% 865
5 039%  40.24% 871

As shown in Tab. VIII, compared with GKR, the effect of C
on the performance of MSET models is the same, but a higher
update frequency is needed for MSET. As shown in Tab. IX,
the effect of N on the and of MSET models is the
same as that of GKR, but the effect on the update frequency is
relatively less.

For the sensitivity analysis of MSET, when C is within the
range of 50 to 2,000, is within the range of 0.38% to
0.56% and is within the range of 44.12% to 46.45%,
which are relatively stable. When N is within the range of 20
to 80, is within the range of 0.46% to 0.60% and is
within the range of 44.60% to 47.84%, which are relatively
stable. Compared to GKR, the optimal ranges of
hyperparameters are wider for MSET, which shows better
adaptability in practical applications.

According to the above results, the two hyperparameters
have similar effects on the performance of FD models, that is,
greater values lead to a lower update frequency, higher FAR,
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and higher FDR. The recommended selection strategy of the
hyperparameters is to first choose a greater C to lower
calculation time under the premise that the FAR and FDR are
acceptable, and then optimize N to improve the FAR and FDR.

E. Early stopping experiments

In the above experiments, the FD models with IL will keep
updating online until WT is shut down for maintenance due to
the gearbox fault at 11-17. After the potential faults are
detected, if the FD models can stop updating earlier than
passive stopping, their performance will be improved because
of less error accumulation caused by false negatives.

The results of early stopping experiments on different FD
models are shown in Tab. X, which stops updating instantly
when potential faults are detected at 10-28. In the table,
and T are the results without stopping updating, and
and T* are the results with stopping updating. PCA is not
included because it is not updated after 10-28.

As shown in Tab. X, stopping updating earlier can
higher and lower the computational costs. However,
instantly stopping is infeasible in practical applications,
because it may lead to unexpected stopping in the normal
stage. The recommended early stopping timing is to stop
updating after obtaining reliable FD results, which leads to
inevitable delay compared with instantly stopping and will
weaken its positive effect. For MSET, the experimental results
of the different delays in early stopping are shown in Tab. XI.

As shown in Tab. XI, the longer the delay, the greater the
decrease in , and the result of a delay of less than two
days is close to that of instantly stopping, while the result of a
delay of four days is close to that of no stopping.

TABLE X
RESULTS OF DIFFERENT FD ALGORITHMS WHEN EARLY
STOPPING
Algorithm T T*
GKR 43.18% 46.99% 20 19
MSET 45.26% 48.62% 844 799
OCSVM 48.79% 51.09% 28 20
TABLE XI
RESULTS OF DIFFERENT DELAYS OF EARLY STOPPING FOR
MSET
Delay of early stopping T
No delay 48.62% 799
One day-delay 47.98% 800
Two days-delay 47.36% 803
Four days-delay 45.52% 811

Based on the above experimental results, for the early
stopping of FD models with IL in practical applications, the
recommended strategy is to use the daily reports of the FDR
shown in Fig. 11. For example, if the FDR exceeds 40% for

two consecutive days, the FD models will automatically stop
updating.

VI. CONCLUSION

A novel IL method is proposed to improve the performance
of WT FD models under TVOC. A data buffer is built to cache
some new data used in model updating. A processing strategy
for false negatives is proposed to weaken the error
accumulation, which leads to a continuous decrease in the
FDR of FD models during online updating.

Using a real-world SCADA dataset of WT, the results show
that the proposed IL method can lower the FAR of FD models
and can work on different FD algorithms. Additionally, the
processing of false negatives can significantly improve the
FDR of FD models. The results of hyperparameter and early
stopping experiments show that the proposed IL method has
good potential for practical applications.

Future research will focus on optimizing the update
frequency of WT FD models with IL, such as event-triggered
updating, to improve computational efficiency.
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